Poliovirus capsid particles are held together by hyas examined by differential scanning microcalorimetry, drogen bonding and are stabilized by ionic and hyleading to a decline in the extent of water penetration drophobic interactions. Disulfide bridges are not ininto the poliovirus capsid. All these observations were volved (2). The dissociation of the poliovirus by heat or found to be more profound in a combination of D 2 O high pH (above 9.5) has been studied in H 2 O medium with MgCl 2 than D 2 O or MgCl 2 alone. By inducing a con- (2, (11)(12)(13). Dissociation of poliovirus capsid particles formation favorable to maintaining the poliovirus as-proceeds in several consecutive steps, including swellsembly and by reducing virus-water interaction to de-ing of virus, conformational alteration, loosening of crease water penetration into the poliovirus capsid, bonds, change in surface charge, the release of VP4 lize Sabin oral poliovirus vaccine strains against thermal inactivation for years (14, 15).
Fluorescence intensity and polarization. Fluorescence emission loss of poliovirus infectivity by D 2 O and a combination intensity and fluorescence steady-state polarization measurements of D 2 O and 1 M MgCl 2 in response to a temperature were carried out on a Perkin-Elmer LS-50B luminescence spectromeincrease (16, 17) . D 2 O and D 2 O-1 M MgCl 2 were found ter to examine poliovirus capsid particles in strains S 1 , S 2 , and S 3 to be more effective than 1 M MgCl 2 alone in stabilizing in various media. The spectrometer was equipped with fluorescence data-manager software for noise reduction and data analysis (25, 31) .
poliovirus against heat inactivation (16). D 2 O has been
For intensity experiments, initial fluorescence scans were performed previously known to confer protection of biomolecules with poliovirus suspensions excited at 280 and 295 nm, and emission against thermal denaturation, to increase cell thermo-spectra were recorded from 287 to 450 nm and from 305 to 450 nm, stability (18) (19) (20) (21) (22) , and to affect the conformation of bio-respectively. The 295-nm light excites poliovirus tryptophan residues molecules (23) (24) (25) (26) (27) , but not of viruses.
alone, while the 280-nm light excites both poliovirus tryptophan and tyrosine residues. Results of emission intensity at an excitation Investigation of deuterium isotope effects has been wavelength of 295 nm were reported to monitor tryptophan residues of interest to our laboratory for many years (24, 25, in poliovirus capsid. In the control experiments, comparable mea- 28, 29) . To extend our recent discovery of a profound surements were made with buffer media to compensate for their reduction in losing poliovirus infectivity by D 2 steady-state polarization, circular dichroism, and difFluorescence steady-state polarization (P) was calculated by using ferential scanning microcalorimetry were employed to study three serotypes (S 1 , S 2 , and S 3 ) of Sabin poliovirus strains. on poliovirus in response to thermal stress were investigated in terms of the conformation and assembly of where g is a grating correction factor, equal to I hv /I hh , I is the intensity poliovirus and the interaction of poliovirus with water. of light, and v and h denote, respectively, polarizers vertically and Key factors in increasing thermostability of the virus horizontally oriented. The first subscript refers to the excited light were examined. The present study may be potentially and the second to the emitted light. Each datum (P) represents an average of five to eight measurements. Experimental errors were applied to improve the understanding of virus thermo-
stability in other systems.
Circular dichroism (CD)
. CD measurements of poliovirus strain S 1 , S 2 , and S 3 suspensions prepared in various media were made
MATERIALS AND METHODS
using a Jasco J-720 spectropolarimeter. Its instrumentation has been described previously (32). The suspensions were scanned from 190 Preparation of poliovirus suspensions. Methods of preparation of to 350 nm with a scanning rate of 10 nm/min. Buffer samples were poliovirus suspensions have been previously described (16) . They also scanned to compensate for their contributions to the resulting were briefly stated as follows. Viruses were prepared in human episignals, if any. Software supplied by Jasco was used to operate the thelial continuous cell lines (HEp-2c). Cells were grown in monoinstrument and perform noise reduction and data analysis. layers in 75-cm 2 plastic bottles in Dulbecco's modified Eagle's meDifferential scanning microcalorimetry. A Hart Scientific differdium (DMEM) 2 containing 5% calf serum. Serotypes 1, 2, and 3 Sabin ential scanning calorimeter (DSC) was used to measure the thermopoliovirus strains (S 1 , S 2 , S 3 ) were used throughout the study. Viral gram (the heat capacity change versus the temperature (t)) of poliovisuspensions were prepared by infecting cell monolayers at multiplicrus suspensions. Its instrumentation has also been described preity of infection of 10 tissue-culture infecting doses 50 (TCID 50 ) per viously (33) . The Hart Scientific DSC has a four-cell capacity with cell. The infected cultures were kept in DMEM containing 2% fetal computer software for data collection and analysis. Experiments calf serum at 34ЊC until the cytopathic effect was completed. The were performed under identical conditions including thermal equilibcell culture supernatant was clarified by low-speed centrifugation rium at 10ЊC before heat was applied, scanning temperature range for 30 min and kept at 030ЊC until use. When necessary, the virus from 10 to 80ЊC, and a scanning rate of 1ЊC/min. This strict control was concentrated by centrifugation at 100,000g for 2 h at 4ЊC, the makes it possible to compare heat capacity change with respect to pellet was resuspended in phosphate-buffered saline, filtered temperature in DSC thermograms among poliovirus in various methrough a 0.22-mm membrane filter, aliquoted, and stored at 070ЊC.
dia. Such changes in each thermogram in lower and higher tempera-
Suspension of poliovirus in various media (H 2 O, D 2 O, and MgCl 2 ).
ture ranges were defined as the initial and final slopes and were Similar to the previous study (16) (30) was not taken into consideration, presumably since this difference was compensated by differential diffusion of proton and deuterium through the electrode membrane.
RESULTS

Fluorescence emission intensity.
Fluorescence is sensitive to the environment of the chromophore, pro- Circular dichroism. CD spectra of poliovirus in var-are presented in Figs. 3b, 3c, and 3d, respectively. In 87% D 2 O, the maximum positive band at 202 nm modious media are reported in Fig. 3 , where the spectra are taken as the difference between the sample and erately decreases and slightly shifts to a lower wavelength than that in H 2 O (Fig. 3b) . This maximum is the control measurements. Control measurements with buffers prepared in corresponding media show insig-shifted to a much lower wavelength (193 nm) in 1 M MgCl 2 -H 2 O (Fig. 3c) and to below 193 nm in 1 M nificant CD contributions. CD spectra of poliovirus strains S 1 , S 2 , and S 3 in H 2 O medium are shown in MgCl 2 -87% D 2 O (Fig. 3d) Differential scanning microcalorimetry. The prepanm, which is due to a low content of helical structure ration of high concentrations of poliovirus enough to in poliovirus proteins.
obtain the unfolding thermograms of poliovirus pro-CD spectra of poliovirus strains S 1 , S 2 , and S 3 in 87% teins is practically not feasible. Therefore, low poliovirus concentrations (0.2 mg protein/ml) were used in D 2 50% D 2 O. D 2 O was also found to affect the temperature (t c ) at which the slope changes from a lower temperature range to a higher temperature range. Similar DSC measurements were carried out for poliovirus in the presence of MgCl 2 . The data are also presented in Table  IV . Each thermogram also exhibits two distinct regions (lower and higher temperature ranges) with a change in the slope. The data of t b as presented in Table I show that strain S 2 in H 2 O, 50% D 2 O, and 87% D 2 O media are shown in Fig. 4 . Each thermogram in the figure exhib-thermostabilization of the conformation of poliovirus by D 2 O and 1 M MgCl 2 is correlated with the previously its two distinct regions: a lower and a higher temperature range. Similar results were found for DSC thermo-reported thermostabilization of the infectivity of poliovirus (16, 17) . The intact poliovirus capsid contains four grams of poliovirus strains S 1 and S 3 (figures not shown). Since all samples were measured by DSC un-major proteins (VP1, VP2, VP3, and VP4) and a singlestrand RNA. They are held together by hydrogen bondder identical experimental conditions and controls, analysis of heat capacity change with respect to tem-ing, ionic interaction, and hydrophobic interaction. The native virion (160S particle) has a relatively stable perature in these two regions can provide useful information on the interaction of poliovirus particles with structure. Capsid rearrangements are necessary for the intracellular release of the viral genome, an essential water.
Data of the heat capacity change with respect to tem-step in virus multiplication cycle. These rearrangements, resulting in the loss of VP4 but not of the viral perature in the lower and higher temperature ranges of the thermogram (defined as the initial and final slopes, RNA, lead to an altered form of the virion referred to as the 136S particle (37, 38). They are now known to respectively) are listed in Table IV . It is important to note that although quantitatively these determined be triggered by virion interaction with the virus cell receptor at physiological temperatures (10). Opposed slopes have a significant error due to the noise level in DSC thermograms, qualitative trend of these slopes is to physiological modification, heating of the virion results in the release of VP4 and then the viral RNA, reliable and can establish comparisons. The initial slope was found to decrease in D 2 O. The decrease is leading to an empty capsid (80S particle) devoid of infectivity. more profound in 87% D 2 O than 50% D 2 O. Similarly, the final slope is also affected by D 2 O and decreases in D 2 O's protective effect on cells subjected to heat stems from the stabilization of cellular macromolecules D 2 O. The decrease is also more profound in 87% than (particularly proteins) (21, 22, 27) . Comparative activa-conditions than that of an isolated protein such as chymotrypsin. The effects of D 2 O and 1 M MgCl 2 on the tion energies were found for cell killing and protein denaturation by heat (22), suggesting that proteins are conformation of poliovirus are also evidenced by their abilities to alter fluorescence emission intensity and involved. In view of the fact that (a) poliovirus capsid rearrangement results in the release of the protein VP4 CD spectra of poliovirus (Table II and (Table II) . This observation is in line with the previous findings that chromophores which VP1 (6) Table III) . These values are significantly higher than those in poliovirus, confirming that the suggest that a significant fraction of the tryptophan residues in the poliovirus is in the interior which is conformation of poliovirus is more sensitive to medium inaccessible to interact with MgCl 2 . This observation in the case of D 2 O and specific ionic interaction in the case of MgCl 2 . A combination of D 2 O and MgCl 2 further parallels the above fluorescence intensity results. Furthermore, ionic interaction of Mg 2/ with negatively enhances the conformational stability and reduces the amount of water penetrating into the poliovirus capsid charged poliovirus surface is expected to play an important role. MgCl 2 may also exhibit some specificity and the extent of swelling of the capsid. The proposed stabilization of virus assembly and conHydration of nonpolar groups has a negative value of enthalpy change which becomes less negative as formation and the reduction in the swelling of virus capsid are keys to thermostabilization of poliovirus. the temperature rises. This results in a positive heat capacity change or a positive slope in a DSC thermo-These two factors are mutual complements. The latter can provide a favorable environment for the formers gram. Conversely, while the enthalpy of hydration of polar groups is also negative in value, it becomes more and the formers, in turn, lead to the latter. negative as the temperature increases. This leads to a negative heat capacity change or a negative slope. gests that the role of poliovirus nonpolar groups is Organization. more significant than that of polar groups in interacting with water. The higher the initial slope, the
